The Eurasian common shrew (Sorex araneus L.) is characterized by spectacular chromosomal variation, both autosomal variation of the Robertsonian type and an XX/XY 1 Y 2 system of sex determination. It is an important mammalian model of chromosomal and genome evolution as it is one of the few species with a complete genome sequence. Here we generate a high-precision cytological recombination map for the species, the third such map produced in mammals, following those for humans and house mice. We prepared synaptonemal complex (SC) spreads of meiotic chromosomes from 638 spermatocytes of 22 males of nine different Robertsonian karyotypes, identifying each autosome arm by differential DAPI staining.
majority of bivalents showed a high recombination frequency near the telomeres and a low frequency near the centromeres. The distances between MLH1 foci were consistent with crossover interference both within chromosome arms and across the centromere in metacentric bivalents. The pattern of recombination along a chromosome arm was a function of its length, interference and centromere and telomere effects. The specific DNA sequence must also be important because chromosome arms of the same length differed substantially in their recombination pattern. These features of recombination show great similarity with humans and mice and suggest generality among mammals. However, contrary to a widespread perception, the metacentric bivalent tu usually lacked an MLH1 focus on one of its chromosome arms, arguing against a minimum requirement of one chiasma per chromosome arm for correct segregation.
With regards autosomal chromosomal variation, the chromosomes showing Robertsonian polymorphism display MLH1 foci that become increasingly distal when comparing acrocentric homozygotes, heterozygotes and metacentric homozygotes. Within the sex trivalent XY 1 Y 2 , the autosomal part of the complex behaves similarly to other autosomes.
[ INTRODUCTION] Meiotic recombination involves breakage and rejoining of DNA between homologous chromosomes. It plays a central role in the evolution of eukaryotes generating individual genetic variation, decreasing mutational load and ensuring the genetic unity of species (OTTO and LENORMAND 2002) . Recombination is crucially important for the orderly segregation of meiotic chromosomes and production of balanced gametes (ROEDER 1997) .
Meiotic recombination has been studied extensively both genetically and cytologically.
Genetic linkage studies provide precise estimates of recombination between even closely-linked genes, but they require large datasets involving well-controlled crosses or well-characterized pedigree records. The frequency of chiasmata along bivalents at diakinesis-metaphase I provides an estimate of the global rate of recombination. However, for recombination mapping, basic cytological studies are limited by difficulties in identification of individual bivalents, in measuring the position of chiasmata accurately and in combining data from cells which show different degrees of condensation of the chromosomes.
Recently, new methods of cytological recombination mapping have been developed, based on the localization of recombination sites along the SC using fluorescently-labeled antibodies to MLH1, a mismatch repair protein of mature recombination nodules (SHERMAN and STACK 1995; BAKER et al. 1996; BARLOW and HULTÉN 1998; ANDERSON et al. 1999; FROENICKE et al. 2002; KOEHLER et al. 2002; LYNN et al. 2002) . So far, these methods have been used to analyze the frequency and distribution of recombination events for only two species of mammal: humans and house mice.
Here we present detailed MLH1 recombination maps for all chromosomes of a third mammal, a small insectivore, the Eurasian common shrew (Sorex araneus L.: Soricidae, Eulipotyphla), and compare our results with those obtained for mice and humans. The common shrew is a good model for such studies for several reasons:
1. The efficiency of MLH1 mapping depends crucially on reliable chromosome identification for each bivalent (indeed, for metacentrics, identification of the individual chromosome arms). A characteristic feature of the common shrew is the ease in which DAPI patterns along chromosomes can be revealed in SC spreads (BELONOGOVA et al. 2006 ).
2. The common shrew and related species show impressive diversification involving chromosomal rearrangements. Robertsonian fusions and whole-arm reciprocal translocations (WARTs) appear to have been involved in speciation in the Sorex araneus group (SEARLE and WÓJCIK 1998; ZIMA et al. 1998; BASSET et al. 2006 ) and the influence of the rearrangements on recombination may have been crucial to this, following the model of RIESEBERG (2001) . The common shrew itself shows some of the most remarkable chromosomal variation in mammals.
To date, 68 chromosome races have been described (WÓJCIK et al. 2003) and the actual number of distinct races probably goes far beyond 100. While the number of autosomal arms is constant within the common shrew (FNa = 40), the diploid chromosome number (2n) varies from 20 to 33. The source of this chromosomal variation is Robertsonian fusions, almost certainly with further modification by WARTs (SEARLE and WÓJCIK 1998) . This high degree of chromosomal variation within the common shrew provides plenty of opportunity to study how Robertsonian fusions and WARTs affect recombination.
3. The common shrew has an XX/XY 1 Y 2 sex chromosome system. The "X" in Sorex araneus represents a tandem fusion between the true mammalian X and an autosome (SHARMAN 1956; FREDGA 1970; PACK et al. 1993) . Since the XY pair in mammals differs in its meiotic behavior from the autosomal bivalents (ASHLEY 2002) , it is of value to determine the meiotic behavior of the autosomal arm of the sex trivalent in male common shrews.
4. The basic karyotype of the common shrew is rather similar to the human karyotype.
Comparative chromosome mapping indicates that the introduction of only 18 breaks in the human karyotype generates segments that can be fused to give the karyotype of the common shrew (YE et al. 2006) .
5. The common shrew is one of only a small number of species for which a complete genome sequence is available (http://www.broad.mit.edu/mammals/). A genetic map is clearly of value for future comparison with the physical map.
MATERIAL AND METHODS

Animals:
Twenty-two adult male common shrews were used in this study (Table 1) .
They were trapped at the beginning of the breeding season in 2006 in the hybrid zone between the Oxford and Wirral chromosome races (ZIMA et al. 1996) , which is a continuation of the Oxford-Hermitage hybrid zone (SEARLE 1986a) . The animals were karyotyped by the analysis of bone marrow chromosome spreads prepared according to SEARLE (1986a) and G-band stained (SEABRIGHT 1971) . Chromosome nomenclature followed SEARLE et al. (1991) and SEARLE (1993) , with chromosome arms represented by italicized letters of the alphabet and biarmed chromosomes by a sequence of two letters (the first is the long arm, the second the short arm).
Simple Robertsonian heterozygotes for a metacentric and twin acrocentric chromosomes, for example ko and k, o, are described as k/o. All animals used in this study were homozygous for the chromosomes af, bc, gm, hi, pr and tu, and had the sex trivalent de(X)/s(Y 1 ), dv(Y 2 ). The individual karyotypes with respect to the chromosomes j, l, k, n, o and q are listed in Table 1 .
Metacentric chromosomes kq and no were characteristic of the Oxford race and ko of the Wirral race, jl was found in both races. Homozygotes for the acrocentric chromosomes k, n, o and q were often observed in the center of the hybrid zone, and can be considered to represent a zonespecific 'acrocentric race' (SEARLE 1986a).
Regarding the relationship of the races studied here: the common shrew is subdivided into several 'karyotypic groups' of chromosomally related races (SEARLE and WÓJCIK 1998) and the Oxford, Wirral and acrocentric races all belong to the 'West European Karyotypic Group' (SEARLE 1984 (SEARLE , 1986a SEARLE and WILKINSON 1987; SEARLE and WÓJCIK 1998) . It is reasonable to assume that these races are also closely related genically, although there are no direct data on this. The races are believed to have a common ancestry in a glacial refugium in south-east Europe at the Last Glacial Maximum, 20 000 years ago (SEARLE 1984; BILTON et al. 1998 ).
Here we study individuals homozygous for only metacentric chromosomes, individuals homozygous for a variety of metacentric and acrocentric chromosomes and individuals that are simple heterozygotes for either one or two arm combinations. This range of karyotypes is commonly found elsewhere in the common shrew, often in hybrid zones between chromosomal races or other areas of Robertsonian polymorphism (SEARLE and WÓJCIK 1998) . The particular situation that we have studied in Britain where two races characterized by different metacentrics are separated by a third acrocentric race has also been described in Sweden and Poland (SEARLE and WÓJCIK 1998) . Therefore, we are studying a range of karyotypes that is typical for the common shrew and of wide comparative value: simple Robertsonian heterozygotes and their associated homozygotes have been found in many other mammals (SEARLE 1993) .
Immunostaining, identification and measurement of meiotic chromosomes:
Spermatocyte spreads were prepared from both left and right testes using the technique of PETERS et al. (1997) . The immunostaining protocol was similar to that of ANDERSON et al. (1999) . The slides were incubated for 2 h at 37°C with a rabbit polyclonal antibody against rat lateral element protein SCP3 (a gift from C. Heyting) diluted to a concentration of 1:1000, a mouse monoclonal antibody to human mismatch repair protein MLH1 (Pharmingen, San Diego) at 1:50 dilution and a human ANA-C antibody against centromeric proteins (Sigma-Aldrich) at a 1:100 dilution in 3% bovine serum albumin (BSA) in phosphate buffered saline (PBS). Slides were washed in 1xPBS and incubated for 40 min at 37°C with donkey anti-rabbit Cy3-conjugated antibodies The preparations were visualized with an Axioplan 2 Imaging microscope (Carl Zeiss, Germany) equipped with a CCD camera (CV M300, JAI Corporation, Japan), CHROMA filter sets and ISIS4 image-processing package (MetaSystems GmbH, Germany). Brightness and contrast of all images were enhanced using PaintShopPro 7.0.
Only cells containing complete sets of chromosomes were analyzed. The number of cells studied for each karyotype is listed in Table 1 . Each chromosome arm was identified by its specific DAPI pattern according to BELONOGOVA et al. (2006) . The centromere position for each SC was identified by an ANA-C focus. Although we used the same fluorochrome for detection of the ANA-C and MLH1 antibodies, ANA-C foci differed from MLH1 foci by their brighter and more diffuse staining (Figure 1 ). MLH1 signals were only scored if they were localized on an SC. The length of the SC of each chromosome arm was measured in micrometers using To generate recombination maps, we calculated the absolute position of each MLH1 focus multiplying the relative position of each focus by the average absolute length for the appropriate chromosome arm. These data were pooled for each arm and graphed to represent a recombination map (Figures 2 and 3 ).
The absolute distances between neighboring foci were measured from the images. The relative distances between the foci across the centromere were calculated as fractions of chromosome length, relative distances within each arm were calculated as fractions of the arm length. The data on MLH1 foci for each arm were fitted to gamma distributions by a maximum likelihood method using STATISTICA 6 (StatSoft, Inc. 2001) and the shape parameter (υ) was used as a measure of the strength of interference (DE BOER et al. 2006) . The STATISTICA package was also used for ANOVA, correlations and other statistical analysis.
RESULTS AND DISCUSSION
Characteristics of the SCs:
We found a close correspondence between the average relative length of SCs compared with mitotic chromosomes (Spearman rank correlation, r s = 0.95, P < 0.001). However, several SCs were noticeably shorter (bc, d) or longer (hi, jl, k, n, tu) than would be expected on the basis of their relative mitotic lengths (Table 2) . We also found substantial differences between SCs and mitotic chromosomes in the arm ratio of metacentrics.
For example, arms p and t were the long arms in mitotic chromosomes pr and tu and the short arms in the SC. This confirms that it is dangerous to extrapolate from mitotic chromosome length for the identification of SCs, and emphasizes the importance of using DAPI banding for this purpose.
The mean (± s.d.) total length of the autosomal SCs (including the autosomal arm d of the sex trivalent) was 142.8 ± 18.8 µ m. An ANOVA revealed significant effects of individual (F 1, 19 = 14.1, P < 0.001) and race (F 1, 2 = 9.0, P < 0.001) on the variation for this trait. Studies on humans have also revealed significant individual variation SUN et al. 2004 SUN et al. , 2005 SUN et al. , 2006a . The causes of this variation are unclear but LYNN et al. (2002) suggested that allelic variation in loci encoding the proteins involved in chromosome pairing and recombination (such as SPO11, MRE11, RAD51 and DMC1) might mediate differences in SC length.
The number of MLH1 foci:
The mean (± s.d.) number of MLH1 foci over all autosomes (including the autosomal arm d of the sex trivalent) was 21.9 ± 2.0, with a range of 15 -30 foci per cell. This is in a good accordance with the chiasma count per late diplotene/early diakinesis cell estimated earlier for common shrews from the Oxford-Hermitage hybrid zone (21.8 ± 1.7, with a range between 18 and 28: SEARLE 1986b). We found no significant differences in number of MLH1 foci per cell between the Oxford (22.2 ± 2.0), Wirral (21.6 ± 1.9) and acrocentric (21.7 ± 1.9) shrews (F 2, 635 = 2.4, P = 0.09).
To estimate the recombination length of each chromosome in centimorgans, the average number of MLH1 foci for the chromosome was multiplied by 50 map units (one recombination event = 50 cM). The genetic length of each arm, calculated in such a way is shown in Table 3 .
We estimated the total autosomal map length for the male common shrew as 1095 cM. To estimate the total map length for the male genome we added 50 cM for the obligate crossover in the XY 1 pairing region, giving 1145 cM. As the shrew genome is 2850 Mb (VINOGRADOV 1998), 1 cM of the shrew genetic map is equal to approximately 2.5 Mb of sequence. This is rather close to the estimates obtained by MLH1 mapping for male mice (2.75: ANDERSON et al. 1999) but twice that for human males (1.20: SUN et al. 2006a ).
Altogether 7095 autosomal SCs were analyzed (including SCs for the autosomal arm d of the sex trivalent). Of these, there were 51 (0.7%) that lacked an MLH1 focus; these were found in 48 of the 638 cells scored (7.5%). These frequencies are within the limits of variation found in studies on mice and humans. KOEHLER et al. (2002) showed that 0.1% of autosomal SCs in males of four inbred mouse strains had 0 foci, while in the study of ANDERSON et al. (1999) involving C57BL males, the frequency of such bivalents was 4%. SUN et al. (2006b) found substantial variation in the frequency of autosomal SCs lacking MLH1 among ten normal men, although the overall mean frequency of achiasmate autosomal bivalents was rather low (0.3%). The frequency of cells containing one or more such bivalents varied among individuals between 1 -11%. The studies on humans and mice demonstrate that small bivalents suffer a much higher risk of recombination failure than large bivalents (ANDERSON et al. 1999 KOEHLER et al. 2002 SUN et al. 2006b ). In our study, achiasmate bivalents were predominantly small metacentrics and acrocentrics: 24 were chromosome tu, 11 q, 6 o, 4 k, 3 n, 2 gm and 1 pr. The cells containing achiasmate bivalents did not appear to be exceptional (e.g. at late pachytene or poorly stained) and did not differ significantly from the whole sample in their total SC length (147.5 ± 20.6 µ m). SEARLE (1986b) analyzed the frequency of autosomal univalents at diakinesis-metaphase I in common shrews from the Oxford-Hermitage hybrid zone. He found a similar frequency of achiasmate bivalents as detected in this study (0.4 -1.0%). Thus, although achiasmate bivalents might be expected to trigger a pachytene checkpoint leading to apoptosis (ROEDER and BAILIS 2000) , there is no evidence for this in the common shrew.
Rather often we observed metacentric bivalents with no MLH1 foci at one arm and one or more foci in the other arm (overall frequency among metacentric bivalents: 15.4%). This was fairly common in pr and a typical feature of chromosome tu (Table 3) , supporting previous chiasma data (SEARLE 1986b) . Only 10.8% of tu bivalents had MLH1 foci on both arms.
Chromosome tu is the smallest and the most ancient among the autosomal metacentrics of the common shrew (SEARLE and WÓJCIK 1998) . Interestingly, it evolved by a centric shift or pericentric inversion from an acrocentric chromosome while all other autosomal metacentrics are derived from Robertsonian fusions (WÓJCIK and SEARLE 1988) . Presumably the acrocentric ancestral to tu was characterized by a single chiasma. The conversion of that acrocentric into a metacentric did not lead to a requirement for separate chiasmata in each arm. These results are of interest because it is a common perception that there is a minimum requirement of one chiasma per chromosome arm for correct segregation (DUMAS and BRITTON-DAVIDIAN 2002 and references therein).
The number of MLH1 foci that we observed per arm of chromosomes involved in Robertsonian polymorphism did not depend on the karyotype (homozygous metacentric, homozygous acrocentric, heterozygous) ( Table 3 ). The effect of karyotype was non-significant for all arms tested: k (F 2, 635 = 1.2, P = 0.31), n (F 2, 635 = 0.9, P = 0.42), o (F 2, 635 = 1.8, P = 0.16), and q (F 2, 635 = 0.7, P = 0.49). These results contrast to the chiasma data obtained by BIDAU et al. (2001) and DUMAS and BRITTON-DAVIDIAN (2002) for the house mouse, which showed a significant decrease in recombination frequency in the arms of metacentric chromosomes compared to twin acrocentrics. In the mouse the decrease in recombination frequency in the arms of metacentric chromosomes compared to twin acrocentrics was determined mainly by a reduction in double chiasmata (BIDAU et al. 2001; DUMAS and BRITTON-DAVIDIAN 2002) . In the common shrew all the arms of the variable chromosomes were rather small and very rarely accommodated more than one MLH1 focus even in the acrocentric state.
We also did not find significant differences in the number of MLH1 foci for any particular chromosome arm in a metacentric, comparing between different arm combinations.
Thus, arm k had a similar number of foci in kq and ko bivalents (t 1, 99 = 1.4, P = 0.16), and arm o had a similar number of foci in ko and no bivalents (t 1, 64 = 0.7, P = 0.48).
Correlation between SC length and number of MLH1 foci: As for previous studies in mice and humans (ANDERSON et al. 1999; SUN et al. 2004 SUN et al. , 2006a , we also found in common shrews a very strong positive correlation between the average length of SCs of individual chromosome arms and the number of MLH1 foci on those arms (Spearman rank correlation, r s = 0.95, P < 0.001). On the other hand, the correlation between the total length of SCs and number of MLH1 foci per cell was much weaker (r s = 0.17, P < 0.001) as found for male mice (FROENICKE et al. 2002) , but in contrast to the strong correlation found in human males .
Crossover interference: The occurrence of a crossover usually decreases the probability that another will occur close by. This phenomenon is called positive interference (see JONES and FRANKLIN 2006 for a review). The strength of interference can be estimated from the distances between adjacent recombination sites. Table 4 shows the average distances between neighboring MLH1 foci within chromosome arms and across centromeres in metacentric bivalents. The absolute distance varied from 1.0 to 15.6 µm within an arm and from 1.2 to 27.1 µm across the centromere, with the transcentromere distances significantly larger (P < 0.001). These results indicate that there may be crossover interference across centromeres as well as within chromosome arms as suggested for a variety of organisms including humans (COLOMBO and JONES 1997; BROMAN and WEBER 2000; DROUAUD et al. 2006) . There is the following expectation with
transcentromere interference, which we tested for metacentrics in the common shrew: The most proximal MLH1 focus on one chromosome arm should influence the most proximal focus on the other arm, such that their distances from the centromere will be inversely correlated. We did indeed find inverse correlations in the shrew metacentrics af, bc, gm, hi, jl, pr (r = -0.14, -0.28, -0.12, -0.23, -0.10, -0.10 respectively; P < 0.05). In other words, transcentromere interference explains 1 -8% of total variance in distances between the centromeres and the most proximal foci in these bivalents. For the remaining metacentrics the correlations were not significant, but in all cases this is reasonably ascribed to small sample sizes.
Transcentromere absolute distance is greater on average for the larger bivalents (Table 4) . This is associated with another phenomenon: the prominent misalignment of centromeres, which is most frequently seen on large configurations such as af, bc and the sex trivalent (Figure 1 ).
Recombination events are thought to occur at sites of initiation of synapsis (BISHOP and ZICKLER 2004; HENDERSON and KEENEY 2004) and, therefore, DNA homology is required at this stage.
However, synapsis may proceed in between recombination sites without a homology check (ASHLEY 1988; ZICKLER and KLECKNER 1999) . The larger the region that may synapse without a homology check, the greater the likelihood that prominent misalignment may occur, explaining why such misalignments tend to be observed on large configurations. As well as misalignment of centromeres, sometimes DAPI patterns between two MLH1 foci within a chromosome arm were misaligned.
The absolute distances between two foci separated by the centromere were usually larger in metacentric homozygotes for chromosomes showing Robertsonian polymorphism compared to the corresponding heterozygotes (jl: t 1, 645 = 2.1, P < 0.05; kq: t 1, 206 = 4.3, P < 0.01; no: t 1, 236 = 2.9, P < 0.01; although ko: t 1, 84 = 1.2, P = 0.12; see also Table 4 ). This can be interpreted as a weakening of transcentromere interference in Robertsonian heterozygotes relative to metacentric homozygotes. It is well known that discontinuity of the SC or the switching of pairing partners decreases the strength of interference (see ZICKLER and KLECKNER 1999 for a review). This can also be interpreted in terms of the "stress relief" model of crossover interference suggested by KLECKNER et al. (2004) . According to this model, recombination is induced by mechanical stress.
A crossover leads to local stress relief and therefore to inhibition of further crossovers nearby.
Since the SC mediates the interference, its interruption at the centromeres of the twinacrocentrics in a Robertsonian trivalent may diminish transcentromere interference in heterozygotes compared to metacentric homozygotes.
The mean intra-arm distances between adjacent MLH1 foci in the shrew varied from 4.3 to 6.4 µm, according to the chromosome arm, with greater distances for larger arms (Table 4 ). In the mouse, which has a similar overall MLH1 focus density as the shrew, similar mean distances between MLH1 foci (4.1 -7.0 µm) and a similar between-arm variation were found for arms of comparable sizes (ANDERSON et al. 1999) . Recently DE BOER et al. (2006 , 2007 estimated the strength of crossover interference in the mouse using parameters of the gamma distribution. The gamma distribution describes the probability of the distances that would occur if MLH1 focus precursors were randomly placed along the bivalent and only every n-th precursor would result in a focus. The higher the n value, the stronger the interference. The n value can be estimated via the shape parameter (υ) of a gamma distribution. We determined the υ value for which the observed frequency distribution of interfocus distances fitted best to a gamma distribution. The υ values estimated for the chromosome arms of the male common shrew varied between 11.1 and 15.6 (Table 4) Bivalents in the common shrew reproduce a general distribution of recombination events which is similar across a wide variety of vertebrates such as fish (MOENS 2006) , birds (PIGOZZI and SOLARI 1999; PIGOZZI 2001; CALDERON and PIGOZZI 2006) , mice (ANDERSON et al. 1999; FROENICKE et al. 2002) and humans (BARLOW and HULTÉN 1998; LYNN et al. 2002; TEASE et al. 2002; SUN et al. 2004 SUN et al. , 2006a : a pronounced recombination peak near to the telomere, a deficiency near to the centromere and a bi-or multi-modal distribution along the chromosome arms. (Note that where we use the term 'telomere' in this paper, we always mean the structure at the distal end of a chromosome or a chromosome arm, we disregard telomeres that are situated next to the centromere in single-armed chromosomes.) Suppression of recombination in the pericentromeric area of the mouse chromosomes has been interpreted as an effect of the blocks of centromeric heterochromatin that reside there (FROENICKE et al. 2002) . In the common shrew there is only a very small amount of centromeric C-heterochromatin (SCHMID et al. 1982; BELONOGOVA et al. 2006 ) and it appears less likely that this causes the recombination suppression.
With regards recombination near the telomere, this was not precisely in the terminal segment. Instead the peak was usually located at 2 -3 µm from the telomeres. An excess of recombination near the telomeres is apparently due to early involvement of this region in chromosome pairing (SCHERTHAN et al. 1996; ZICKLER and KLECKNER 1999) . Recombination too close to the centromere or telomere may be suppressed as the result of natural selection. It has been shown in humans that chiasmata in such locations often lead to non-disjunction (HASSOLD and HUNT 2001) .
The distribution of MLH1 foci along all the large arms of metacentric chromosomes, except a and h, was usually bimodal with a major peak near the distal end and the other peak in the middle of the arm or nearer the centromere. Arms a and h displayed clear tri-modal distributions. The arms of the chromosomes pr and tu were too small to accommodate more than one crossover. Each of them contained one peak. 
Recombination maps of Robertsonian-variable chromosomes:
For the chromosomes that do show Robertsonian polymorphism we found a substantial difference in MLH1 distribution for the same arms between homozygotes for metacentric chromosomes, homozygotes for acrocentrics and heterozygotes (Figure 3) .
In all homozygotes for acrocentrics we observed unimodal distributions with a peak of MLH1 foci in the middle of the arm. In heterozygotes there was still generally a single peak but the distribution was shifted towards a more distal localization. For arm o of k/o heterozygotes the pattern became bi-modal with a second peak occurring near to the telomere. For metacentric homozygotes the distalization and presence of a second peak were even more pronounced in all arms, a result consistent with limited studies comparing chiasma position in trivalents and homologous metacentric bivalents in shrews (GIAGIA-ATHANASOPOULOU and SEARLE 2003) . The data are also in good accordance with those of DUMAS and BRITTON-DAVIDIAN (2002) for the house mouse. They too found a reduction in the number of proximal chiasmata and a more distal chiasma distribution in metacentric homozygotes compared to acrocentric homozygotes and proposed that the suppressive effect of the centromere on recombination was more pronounced in metacentric chromosomes.
From an evolutionary perspective, it is of significance that there is a greater tendency for reduced recombination in proximal chromosomal regions in metacentric homozygotes compared with simple Robertsonian heterozygotes. This makes it difficult to argue that recombination characteristics of heterozygotes are causing a reduction in gene flow across the hybrid zones between the Oxford, acrocentric and Wirral races. It also suggests that speciation through recombination suppression (RIESEBERG 2001) is not possible in hybrid zones of the common shrew characterized by simple heterozygotes. It would be of interest to determine the recombination characteristics of complex heterozygotes in the common shrew, i.e. hybrids between races which differ by metacentrics with a common chromosome arm and which form chain configurations of four or more elements at meiosis I (SEARLE 1993). The greater potency of complex heterozygotes than simple heterozygotes in promoting reproductive isolation is shown by BASSET et al. (2006) for the speciation event that separated Sorex araneus and Sorex antinorii, and recombination suppression in complex heterozygotes has been suggested as a factor in a speciation event in the house mouse (PIÁLEK et al. 2001 ).
There are other considerations relating to the metacentric or acrocentric 'condition' in shrews and mice. In a chromosome race defined by a metacentric there may be the possibility of groups of epistatically-interacting genes close to the metacentric centromere being able to segregate as a unit because of the lack of recombination. This could lead to different alternative adaptive multilocus genotypes within a population or geographic region ('coadaptive gene complexes': e.g. BURTON et al. 1999; DE JONG and NIELSEN 2002) , and resultant polymorphism or regional genetic subdivision. In an acrocentric chromosome race, such coadapted gene complexes are less likely to evolve.
In both shrews and mice, there are some races characterized by a large number of acrocentrics and an associated high diploid number, and other races characterized by a large number of metacentrics and associated low diploid number. In terms of number of segregating units, this is clearly higher in the acrocentric than in the metacentric races, so the former should show greater genic variation (QUMSIYEH 1994) . Clearly, recombination also affects genic variability, and so the reduced centromeric recombination in the metacentric races relative to the acrocentric races, will increase the differential in genic variability. QUMSIYEH (1994) argues that chromosomal forms with different levels of genic variability may be adapted to different conditions, e.g. adaptation to 'pliable habitats' in the case of the acrocentric races and adaptation to 'constant or specialized habitats' in the case of the metacentric races. There have, however, been no rigorous tests of this idea.
Recombination pattern of the sex trivalent: The X chromosome of the common shrew represents a tandem fusion between the true mammalian X and an autosome (SHARMAN 1956; FREDGA 1970; PACK et al. 1993) . At male meiosis a trivalent comprising the X chromosome (de), the true Y (Y 1 or the s chromosome) and the autosomal counterpart (Y 2 or the dv chromosome) is formed (WALLACE and SEARLE 1990; BORODIN 1991; PACK et al. 1993) . We usually detected a single MLH1 focus in the X-Y 1 pairing region (Figure 1 We did not observe MLH1 foci on the short arm v of the autosomal homolog of the sex trivalent. For the autosomal arm d of the sex trivalent we usually observed two MLH1 foci.
Single and triple foci were rare (Table 3) . For sex trivalents containing only one MLH1 focus on autosomal arm d, these foci were located mainly in the middle of the arm (Figure 2 ). The group with two foci showed a tri-modal distribution. In general, arm d was rather similar to other autosomal arms of comparable size (b and c) in the frequency of MLH1 foci, their distribution and interference parameters (Table 4) . Previously we have demonstrated that arm d also acts like a typical autosome in chromosome pairing at male meiosis and is not involved in the process of X-inactivation in female somatic cells (PACK et al. 1993) .
Conclusion:
In summary, we have presented immunocytological recombination maps for every autosome in the male common shrew. Our maps demonstrate a global pattern rather similar to that found in human and mouse. We observed an excess of recombination in distal parts of bivalents and its suppression near the centromere. As for other vertebrates studied, male common shrews show a very strong correlation of SC length with the number of MLH1 foci, and, therefore, with genetic length of the chromosome. Interference estimates for the common shrew, i.e. average absolute and relative distances between neighboring crossovers and the shape parameter of the gamma distribution, were comparable with corresponding estimates obtained for mouse chromosomes. All these comparisons suggest that a general pattern of recombination is conserved across mammals, and perhaps all vertebrates.
As for other vertebrates, in the common shrew we observed that every chromosome arm has its own specific pattern of recombination, which is a complex function of its length, centromere and telomere effects, interference and sequence characteristics. Chromosome arms of the same length may differ significantly in their recombination pattern. These recombination patterns remain rather conservative in representatives of different chromosome races of the common shrew that apparently have evolved independently for several thousand years (SEARLE and WILKINSON 1997) . We found no difference in recombination patterns of the invariant chromosomes between the Oxford and Wirral races of the common shrew.
On the other hand, the recombination pattern of an individual chromosome arm varied substantially depending on whether it is an acrocentric chromosome or part of a metacentric chromosome. In contrast to BIDAU et al. (2001) and DUMAS and BRITTON-DAVIDIAN (2002) for the house mouse, in common shrews we did not find a significant decrease in numbers of MLH1
foci on the arms of metacentric chromosomes compared to acrocentrics. However, in agreement with them, we found a substantial redistribution of the crossovers to more distal positions in the metacentric chromosomes.
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